Topographically graded molecules representing position-specific differences among otherwise similar cells are thought to play a role in the patterning of the developing nervous system. In the embryonic chick visual system, a 40 kDa protein, TOPAp, is expressed in a posterior > anterior gradient in the retina and in an inverted anterior > posterior gradient in the optic tecturn, the major retinal projection area. Here we report the isolation and nucleotide sequencing of a complementary DNA clone encoding the chick TOPAp protein and demonstrate that the mRNA encoding this coiledcoil integral membrane protein is topographically graded within the retina and is present in a variety of chick tissues.
Introduction
The development of a properly functioning vertebrate nervous system involves the generation of topographically specific neuronal connections (Udin, 1988) . Despite much investigation, the molecular mechanisms responsible for the establishment of these precise connections remain largely unknown. A popular model for the study of this problem is the retinotectal projection system of lower vertebrates, in which optic fibers composed of ganglion cell axons connect specific areas of the retina to specific areas of the optic tectum (Attardi and Sperry, 1963; DeLong and Coulombre, 1965; Fraser and Hunt, 1980; Purves and Lichtman, 1985) . This connectivity is such that the retinal projections form an inverted map on the tectum, with anterior retinal axons synapsing on posterior tectum and posterior retinal axons synapsing on anterior tectum. Similarly, dorsal retina projects to ventral tectum, and ventral retina projects to dorsal tectum.
More than three decades ago, R. W. Sperry proposed the chemoaffinity hypothesis, which provides one possible mechanism by which this retinotectal specificity could be generated (Sperry, 1963) . Sperry reasoned that the pairing :l:Present address: Amgen Incorporated, Thousand Oaks, California 91320 of retinal and tectal cells in the embryo involves the complementary interaction between cytochemical labels, whose expression is graded according to cell position. This model predicted the existence of graded cell surface molecules, positioned along two or more axes, within a developmental field. Since the formulation of the chemoaffinity hypothesis, several molecules have been identified that demonstrate an asymmetry in their distribution in the retina or tectum, indicating their possible roles as regulatory or effector molecules in the generation of positionspecific synaptic connectivity (Trisler et al., 1981; Constantine-Paton et al., 1986; Trisler and Collins, 1987; Nornes et al., 1990; Trisler, 1990; Stahl et al., 1990; McCaffery et al., 1990 McCaffery et al., , 1991 McLoon, 1991; Monaghan et al., 1991 ; Dietcher et al., 1994 ; see also reviews by Kaprielian and Patterson, 1994; Sanes, 1993; Holt and Harris, 1993) . Among these is TOPAp, a 40 kDa protein whose graded distribution and cell surface localization in both the retina and tectum during the period of retinotectal synapse formation make it a possible marker molecule of the type proposed by Sperry. TOPAp is a protein antigen whose expression is graded along the anterior-posterior axes in the retinae and optic tectum of the developing chick (Figure 1 ; Trisler, 1990 Trisler, , 1991 . Monoclonal antibodies to TOPAp bind in a continuous 16-fold posterior > anterior gradient in embryonic day 18 (E18) chick retina and in an 8-fold anterior > posterior gradient in E5 chick optic tectum. Similarly oriented gradients of TOPAp antibody binding have been detected at all developmental stages examined, including those occurring before and after tectal innervation by retinal cell axons at E6. In addition, immunoblots performed after reducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of E8 anterior and posterior retinal extracts detect a single TOPAp immunoreactive 40 kDa protein that is more abundant in posterior retina. Immunocytochemical staining demonstrates that TOPAp is present on the cell surface of most, if not all, neurons and gila in the retina and optic tectum and that the TOPAp gradient is based on the number of molecules expressed per cell rather than on the asymmetric distribution of aL single cell type that expresses TOPAp ( Figure 1D ).
In this paper, we report the isolation and expression of a cDNA clone that encodes the TOPAp protein and describe the initial characterization of the mRNA and protein in the developing chick. The cDNA clone encodes an acidic protein of 359 amino acids that displays only limited sequence similarity to other known proteins. Analysis of the deduced amino acid sequence suggests that TOPAp is capable of forming protein-protein interactions through the adoption of a coiled-coil structure and that the protein may be linked to the plasma membrane by a single hydrophobic carboxyl-terminal anchor. We also have shown that the mRNA encoding TOPAP, like the protein itself, is positionally graded in the retina and that TOPAp mRNA is present in both neural and extra-neural tissues. (Figure 1 is a modification of figures published in Trisler, 1990 Trisler, , 1991 .
Results
Isolation and Nucleotide Sequence of a 3,2 kb cDNA Clone for TOPAp An E14 chick posterior quadrant retinal cDNA expression library was constructed and subsequently screened with anti-TOPAp monoclonal antibody (Trisler, 1990) . Screening of approximately 106 phage resulted in the isolation of a single positive clone (XTOPAp). Additional screening with both antibody and radiolabeled insert from XTOPAp failed to detect any clones of greater length. The 3.2 kb XTOPAp insert was subcloned in vivo, yielding the pTOPAp phagemid, which, when transformed into bacteria and stimulated by isopropyl-13-D-thiogalactopyranoside, led to the expression of a fusion protein that was specifically recognized by the anti-TOPAP monoclonal antibody on immunoblots (data not shown). Dideoxy nucleotide sequencing of the cloned insert revealed a novel cDNA sequence containing a single long open reading frame ending at basepair 1122 ( Figure 2 ). We have denoted the first in-frame methionine codon at basepair 46 as the TOPAp translation start site, since this ATG is present within a context of 70% homology to the nine nucleotide consensus sequence derived by Kozak (Kozak, 1991) and it initiates the only open reading frame with a calculated molecular weight (41.4 kDa) that is consistent with that previously reported for the TOPAp protein (Trisler, 1990) . Furthermore, bacteria transformed with the pRE-TOP plasmid construct, engineered to produce a recombinant TOPAp protein beginning from the basepair 46 start codon, produce a protein that is indistinguishable in apparent molecular weight and immunoreactivity from both retinal TOPAP and from a recombinant form of the protein produced in eukaryotic cells (Figure 3 ), These results confirm the completeness of the open reading frame and demonstrate the ability of the basepair 46 ATG to initiate eukaryotic translation. Hence, the TOPAP cDNA contains 1076 nucleotides of protein coding sequence with 45 bases of 5' untranslated sequence and 1965 bases of 3' untranslated sequence. The remainder of the clone consists of 3' polyadenylation, which is preceded by a consensus polyadenylation signal located 23 nucleotides upstream from the poly(A) region.
Analysis of the TOPAp Deduced Amino Acid Sequence
The deduced amino acid sequence of TOPAp encodes a 41.4 kDa acidic (23 excess negative charges; calculated pl, 4.6) protein containing 359 amino acids that is rich in glutamate (16%), leucine (13%), and glutamine (11%). Hydropathy analysis indicates the presence of a hydrophobic span of 19 residues at the extreme carboxyl terminus of the protein that extends through the last carboxyl-terminal residue ( Figure 4A ). In addition, several long stretches of 1,4 hydrophobic heptad repeats are present throughout the bulk of the amino acid sequence. Included within the hydrophobic heptad repeat pattern are two leucine zipper-like repeats spanning residues 169-217 and 238-259, which consist of four or five consecutively repeating leucine residues present at seven amino acid intervals (see Figure 2B ). The presence of 1,4 hydrophobic repeats as well as leucine zipper-like sequences suggests that regions of TOPAp adopt a coiled-coil structure. To further examine this possibility, the TOPAp deduced amino acid sequence was analyzed using a coiled-coil prediction program (Lupas et al., 1991) . This analysis confirmed that much of the TOPAp protein (residues 26-332) has a high probability of form ing a coiled-coil structure ( Figure 4B ). A FASTA comparison of the TOPAp deduced amino acid sequence with the SWlSS-PROT database found no apparent homologous proteins. Protein sequences found to possess the greatest degree of similarity to TOPAP included only coiled coil-forming proteins, and their similarity values were computed using the BESTFIT optimal alignment program or by direct sequence comparison without regard to the number of gaps in the sequence. These proteins included syntaxin (53% similar, 17 gaps), myosin (48% similar, 12 gaps), Drosophila Bicaudal D (47% similar, 15 gaps), kinesin (45% similar, 10 gaps), paromyosin (43% similar, 9 gaps), vimentin (42% similar, 10 gaps), and streptococcus M6 protein (37% similar, 5 gaps). The short stretches of amino acid identity these proteins share with TOPAp extend randomly throughout the putative coiled-coil region, suggesting an overall structural resemblance, as opposed to an authentic homology.
Polyclonal Antiserum to Recombinant Protein

Recognizes a Gradient of TOPAp in Retina
To confirm the identity of the cloned sequence as TOPAp, we assayed the ability of rabbit antiserum raised against purified recombinant protein to bind to endogenous TOPAp. Recombinant TOPAp protein first was isolated from bacteria transformed with the pRE-TOP plasmid, pRE-TOP allows the expression of recombinant protein sequence from the initial start codon without any superfluous amino terminal residues such as those derived from vector or 5' untranslated sequence. Recombinant TOPAp protein comigrated on SDS-PAGE with endogenous TOPAp and was recognized by the anti-TOPAp monoclonal antibody (data not shown). The recombinant protein was purified by preparative gel electrophoresis and subsequently used to immunize rabbits.
The resulting polyclonal antiserum recognized both the recombinant protein to which it was raised and a 40 kDa protein present in E8 chick retina ( Figure 5 ). This latter protein was most abundant in the posterior quadrant of retina (62% _ 1.5%), least abundant in the anterior quadrant (2% ± 0.6%), and of intermediate abundance in the dorsal (17% ± 0.2%) and ventral (19% ± 1.0%) quadrants, as measured in duplicate trials. The ability of the rabbit polyclonal antiserum raised against the recombinant protein to recognize a graded 40 kDa protein in chick retinal tissue thereby confirmed the identity of the cloned sequence as TOPAp and suggested that the entire TOPAP protein, as opposed to a single epitope, is graded in the retina.
TOPAp mRNA is Graded in the Developing Retina
Northern analysis and RNase protection assays were performed to test the hypothesis that positionally graded TOPAp protein levels may be, at least in part, the result of graded TOPAp mRNA. Samples of poly(A) RNA (10 #g) isolated from anterior and posterior quadrants of E14 chick retina were probed with the TOPAp cDNA using a standard Northern blot protocol. This analysis detected a single faint band corresponding to a 3.5 kb mRNA, which appeared more abundant in posterior retina than in anterior retina ( Figure 6A ).
To better demonstrate the anterior-posterior retinal gradient of TOPAp mRNA, a highly sensitive RNase protection assay was employed. In this assay, total cellular RNA isolated from E8 chick hemiretinae was hybridized both to a TOPAp probe corresponding to the 5' end of the cDNA clone and a chick 13-tubulin probe, which served as an internal control. This analysis clearly demonstrated that posterior retina contains a greater abundance of TOPAp mRNA than the anterior retina, whereas no difference was observed in 13-tubulin mRNA levels ( Figure 6B ). Direct counting of the RNase protection products represented in Figure 6B utilizing a betascope counter (Betagen) and subsequent normalization of the TOPAp value to that of 13-tubulin found an 84% greater abundance of TOPAp mRNA in posterior versus anterior retinal halves. Such a result was highly reproducible (n --7; three quantitated, SEM --8%). These results indicate that the graded nature of the TOPAP protein reflects a similarly oriented gradient of TOPAp mRNA.
TOPAp mRNA is Expressed in Multiple Tissue Types
RNase protection assays were performed on 10 I~g of total cellular RNA isolated from various tissues of the E8 chick. Protected probe fragments of the correct size were detected in all tissues studied, with the highest levels appearing consistently in retina, intestine, and heart and lower levels consistently appearing in liver, optic tectum, forebrain, and cerebellum ( Figure 6C ). ~-tubulin signals also were found to vary in a tissue-specific fashion. No protected fragment was seen, however, when probes were hybridized to 25 ~g of total yeast RNA or yeast tRNA (data not shown). lular fractions by sucrose gradient centrifugation (Maeda et al., 1983) . Immunoblot analysis found that the majority of TOPAp immunoreactivity was present in the membrane fraction, with smaller amounts present in the insoluble (pellet) fraction, as well as the high density sucrose phase immediately above it ( Figure 7A ). No soluble TOPAp was detected.
Retinal TOPAp is Present in the Integral
The nature of the association of TOPAp with membranes was assayed by standard biochemical procedures involving treatment of the insoluble membrane fraction with agents known to solubilize either peripheral or integral membrane proteins. Agents known to solubilize peripheral membrane proteins, including buffers containing high concentrations of chaotropic salts or those prepared at high or low pH, were ineffective in solubilizing TOPAp. In contrast, buffers containing detergents such as Triton X-100 were very effective in solubilizing this protein ( Figure 7B ). The necessity of a detergent for protein solubilization characterizes TOPAp as an integral membrane protein. Furthermore, a Triton X-114 separation of the membrane fraction (Bordier, 1981) into aqueous and detergent phases demonstrated that TOPAp was present exclusively in the detergent, or integral membrane protein, phase ( Figure 7B ).
Discussion
TOPAp is a 40 kDa protein previously reported to be asymmetrically distributed in the developing chick visual system. The preferential localization of this protein to posterior retina and anterior optic tectum suggests that TOPAp is involved in the expression of retinotectal polarity and therefore may play a role in establishing topographically specific retinotectal synaptic connections. Here, we report the molecular cloning and characterization of a cDNA encoding the TOPAp protein.
The ability of polyclonal antiserum raised against recombinant protein to recognize a graded 40 kDa protein in chick retina confirms that the isolated clone encodes authentic TOPAp. In addition, both eukaryotically expressed recombinant protein andbacterially expressed protein initiated from the first in-frame ATG codon are, indistinguishable in apparent molecular weight and immunoreactivity from retinal TOPAp. This suggests that the entire protein coding region, including the initiator start codon, is present in the cloned sequence. The ability of the polyclonal antibody to detect a gradient of TOPAP also implies that the entire TOPAp protein molecule is positionally graded in the retina. This differs from other reported topographical gradients, which result from graded determinants on otherwise evenly distributed proteins. Specifically, a rostrocaudal gradient demonstrated in the binding of the ROCA1 antibody to rat intercostal nerves and sympathetic ganglia has been attributed to the position-specific masking of an epitope on the uniformly distributed CD9 protein (Kaprielian and Patterson, 1993) , and antibodies to a 43 kDa ribosome-associated protein (p40) appear to recognize a difference in protein conformation or accessibility along the dorsoventral axis of the developing retina (McCaffery et al., 1990) . Northern blot analysis demonstrates that a single mRNA encodes retinal TOPAp (consistent with the presence of a single TOPAp gene as detected by Southern blot analysis; data not shown) and that the messenger RNA is approximately 3.5 kb in length. This transcript is similar in size to the 3.2 kb cloned cDNA sequence, indicating that most of the mRNA sequence is represented in the cDNA clone. The discrepancy in size between the TOPAp mRNA and the cDNA may be explained by the absence of either a small amount of 5' untranslated sequence or 3' polyadenylation in the cDNA clone.
An important characteristic of TOPAp is its predicted ability to form a coiled-coil structure. Coiled-coil proteins are dimers or trimers of parallel alpha helices that interact via hydrophobic surfaces (reviewed in Cohen and Parry, 1986) . Such surfaces are the result of periodically placed hydrophobic residues in the amino acid sequence at every fourth and seventh position of a consecutively repeating heptad. These heptad repeats positioned in a helical array produce an amphipathic helix that, via its hydrophobic residues, interacts with the hydrophobic regions of a second amphipathic helix, forming a coiled coil. Present within the context of the coiled-coil motif of TOPAp are two spans of sequence in which the amino acid leucine is repeated at every seventh residue forming leucine zippers. Although such motifs are thought to be involved in the assembly of specific dimeric and possibly oligomeric coiled-coil protein structures in DNA binding proteins, leucine zippers also have been identified in oligomerization domains of proteins from a variety of classes, including eukaryotic integral membrane proteins (Landschulz et al., 1988; Buckland and Wild, 1989; McCormack et al., 1989; White and Weber, 1989; Harbury et al., 1993) . The coiled coil-forming propensity of TOPAp, as well as the presence of leucine zipper-like sequences, suggests that monomers of TOPAp are involved in homophilic or heterophilic protein-protein interactions. Such protein-protein interactions present among or with in cells may provide a means of transmitting the positional information present within the topographical gradient of TOPAp to potential synaptic partners.
Although no protein sequences homologous to TOPAp have been found, proteins known to possess significant stretches of coiled-coil structure, including myosins and intermediate filaments, were, as expected, found to show some similarity to the coiled-coil domain of TOPAp. The identification of TOPAp as a coiled-coil protein places it with a diverse group of proteins whose members interestingly include the Drosophila Bicaudal D protein, which, like TOPAp, is thought to play a role in the development of anterior-posterior polarity (Wharton and Struhl, 1989) , and syntaxin, a protein of similar size and overall structure to TOPAp (both TOPAp and syntaxin are coiled-coil proteins possessing hydrophobic carboxyl termini) that appears to function in intracellular membrane target recognition (Bennet et al., 1993) .
The integral membrane protein nature of TOPAp raises the question as to which span of the amino acid sequence is responsible for membrane attachment. Examination of the protein sequence reveals that only the 19 amino acids at the extreme carboxyl end of the protein are of sufficient number and hydrophobicity to serve as a transmembrane domain. Several integral membrane proteins, including syntaxin, have been identified that, like TOPAp, contain only a single uninterrupted hydrophobic domain located near their carboxyl termini (Kutay et al., 1993) . These tailanchored proteins are thought to utilize their hydrophobic terminal ends as insertion sequences to provide attachment to cellular membranes. The presence of a glycine, proline, and tryptophan at the extreme carboxyl-terminal end of TOPAp may serve to sterically anchor the hydrophobic domain into the membrane in the absence of the usual hydrophilic anchoring sequence. The exact nature and topology of the interaction between TOPAp and cellular membranes are unknown, as is the case for other tailanchored proteins (Kutay et al., 1993; Smirnova et a!., 1993; Pelham, 1993; Hirai et al., 1993) . The fact that TOPAp is an integral membrane protein with no dectectable soluble form indicates that the retinal and tectal gradients are not the consequence of diffusion of TOPAp from a point source across the tissue to a sink, but are the result of differential expression of TOPAp by cells as a function of cell position in the tissue.
RNase protection analysis demonstrated that the posterior half of the retina contains significantly more TOPAp mRNA than does the anterior half. This mirrors both antibody binding data and protein immunoblot data and suggests that the generation of a gradient of TOPAp protein in cells first requires the generation of a TOPAp mRNA gradient. Such a gradient of TOPAp mRNA may, in turn, result from previously formed gradients of transcription factors that control the expression of the TOPAp gene. Several candidate protein transcription factors have been localized in spacial gradients in the retina or tectum, including Pax2 (Nornes et al., 1990) , Sensory Organ Homeobox-1 protein (SOHo-1 ; Dietcher et al., 1994) , and the engrailed gene product (Itasaki and Nakamura, 1992) , each of which are encoded by homeobox-containing genes. In addition, it has been suggested that spacial polarity in the retina may be due, in part, to asymmetry in the synthesis of retinoic acid (McCaffery et al., 1992) . Retinoic acid is a known transcriptional modulator that is asymmetrically distributed along the dorsoventral retinal axis, such that positional differences in the concentration of retinoic acid in retina could be responsible for the subsequent expression of graded mRNA and protein. Whatever the mechanism of TOPAp mRNA and protein gradation in the retina, it is clear that this integral membrane protein marks retinal cell position and, through interaction mediated by the coiled-coil motif with other similar or identical proteins, may transmit this positional information to other cells in the developing visual system. Such information may be involved in the development of the inverted retinotectal map, in which cells expressing similar relative levels of TOPAp (for example, in posterior retina and anterior tectum) recognize and synapse with one another.
Experimental Procedures
Tissue Processing
Retinae and other tissues of appropriately aged chick embryos (Truslow Farms) were isolated in ice cold calcium-free phosphate-buffered saline (PBS). Retinae, with the pigmented epithelium removed, were dissected into anterior and posterior halves or anterior, posterior, dorsal, and ventral quadrants. The choriod fissure was used as a dissection landmark, with the retina oriented such that the fissure bisected the ventral quadrant.
cDNA Cloning An E14 chick posterior quadrant retinal cDNA expression library was constructed using the Uni-ZAP XR unidirectional vector according to the instructions of the manufacturer (Stratagene). Template mRNA was isolated from the posterior quadrant of E14 chick retina by standard methods employing cesium chloride centrifugation and oligo(dT) cellulose chromatography (Sambrook et al., 1989) . The final unamplifled library contained approximately 1.7 x 106 plaque forming units; 1 x 106 plaques from the amplified library were probed using the anti-TOPAp monoclonal antibody, and a single immunoreactive clone was isolated and plaque purified. Coinfection of bacteria with purified phage and helper phage R408 produced a bacterial strain carrying the TOPAp insert in the form of a pBluescript plasmid (pTOPAp).
Sequencing TOPAp cDNA
Exonuclease ill/S1 deletions of the TOPAP cDNA were sequenced by the dideoxy chain termination method (Sanger et al., 1977) using the Sequenase enzyme (United States Biochemical). Regions of open reading frame were resequenced in a similar manner on the opposite strand using nested oligonucleotide primers. Computer sequence analysis was performed with the aid of the Genetics Computer Group software package, version 7.2-UNIX.
Generation of pRo-TOP
The pTOPAP plasmid was cut with Apal and Xbal restriction enzymes, and the insert containing the entire TOPAp cDNA clone and a small amount of flanking plasmid sequence was ligated into the corresponding restriction sites of the pRc-CMV (invitrogen) plasmid. A single upstream ATG in the region between the Notl and Xbal restriction sites in the multiple cloning region of the resulting vector was removed by restriction endonuclease digestion and subsequent blunt ending and religation of the plasmid. This pRc-TOP construct was amplified in TOP1 OF' bacteria (Invitrogen), and its nucleotide sequence confirmed by dideoxy sequencing.
Transfection of NIH/3T3 Cells
Transfection of NIH/3T3 cells was performed as previously described (Jiang et al., 1993) . Solutions containing pRc-TOP DNA or pRc/CMV (control) were incubated with cells for 24 hr in a humidified chamber at 37°C and 5.0% CO2. The DNA-containing medium was aspirated, and the cells were rinsed twice in PBS and fed with culture medium (Dulbecco's modified Eagle medium [Mediatech] containing 10% fetal bovine serum [Biofluids] , 100 U/ml penicillin, 100 i~g/ml streptomycin, and 1 x fungisone [Gibco] ). The cells were harvested after an additional 48 hr in culture and processed for immunoblot analysis.
Generation of Polyclonal Antisera to Recombinant TOPAp
The oligonucleotide primers TP-1 (5'-TACGGATGCCCATATGGAT-GAC-3') and TP-2 (5'-TAAATAATTTGGTACCAAGAAG-3') were used to PCR amplify the TOPAp cDNA sequence extending from basepairs 33 to 1558, which included the entire open reading frame. A single mismatch in TP-1 generated a Ndel site at the putative initiator codon, and a single mismatch in TP-2 generated a Kpnl site at the opposite end to aid in cloning of the amplified fragment into the pRE-1 plasmid (Reddy et al., 1989) . The Ndel-and Kpnl-digested DNA was ligated into the appropriate sites of the pRE-1 vector, producing pRE-TOP whose sequence was verified by dideoxy nucleotide sequencing. This construct was transformed into MZ1 bacteria, which repress recombinant protein expression at normal growth temperatures (30°C) and allow expression at higher temperatures (42°C). pRE-TOP-containing bacteria were grown at 30°C until the optical density (600 nm) reached 0.5, at which point the culture was placed at 42°C and incubated for 90 min. Pelleted bacteria were lysed by sonication in lysis buffer composed of 137 mM NaCI, 10 mM HEPES (pH 7.4), 4.6 mM KCI, 1.1 mM KH2PO4, 0.6 mM MgSO4, 0.5 p_g/ml leupeptin, 0.7 ilg/ml pepstatin A, 40 #g/ml phenylmethylsulfonyl fluoride, 0.5 i~g/ml aprotinin, and 1.1 mM EDTA . Control lysates were prepared from bacteria treated as above, except no temperature induction was performed. Lysate from induced bacteria (pRE-TOP 42 °) was loaded onto a Bio-Rad prep cell and fractionated by preparative SDS-PAGE according to the instructions of the manufacturer. Column fractions were screened by immunoblot analysis using the monoclonal antiTOPAp antibody. Positive fractions were vacuum concentrated, dialyzed against 0.2 M sodium bicarbonate (pH 7.4), 0..2% SDS and injected into rabbits.
Immunoblot Analysis SDS-PAGE was performed according to standard methods (Laemmii, 1970) . Specifically, liquid bacterial cultures, transfected cell lines, or tissue samples were homogenized by sonication in lysis buffer containing 1.0% Triton X-100. Aliquots were diluted in sample buffer, heated at 100°C for 15 rain, and electrophoresed on 10% acrylamide gels. The proteins then were transferred to nitrocellulose paper (Schleicher and Schuell) by electroblotting and processed for immunodetection.
Nitrocellulose membranes were incubated for 1 hr at room temperature in 1.5T-Tween (50 mM Tris [pH 7.6], 1.50/0 NaCI, 0.1% Tween 20) containing 10% nonfat milk (Carnation). Undiluted hybridoma culture supernatant containing monoclonal antibody or rabbit polyclonal antiserum diluted 1000-fold in 1.5T-Tween was incubated with the blotted proteins for 3 hr at room temperature or overnight at 4°C. The membranes were rinsed briefly and washed 3 times for 5 rain each in 1.5T-Tween and then incubated for 1 hr at room temperature in secondary antibody (peroxidase-labeled goat anti-rabbit IgG, Kirkegaard and Perry Laboratories; or peroxidase-labeled goat anti-mouse IgG, Cappel) diluted 1:20,000 in 1.5T-Tween containing 10% nonfat milk. The membranes then were washed in 1.5T-Tween for 1 h r at room temperature and the labeled bands visualized using enhanced chemiluminescence (ECL-Amersham).
Northern Analysis
Samples of poly(A) mRNA (10 I~g) isolated from anterior and posterior retinal quadrants of E14 chick embryos were electrophorosed through agarose gels and blotted onto nylon membranes as described (Sambrook et al., 1989) . The membranes were probed using a 32p random primer-labeled restriction fragment (EcoRI/Xhol) of the TOPAp cDNA clone. Final washing conditions were 0.1% SDS, 0.2 x SSC at 42°C.
RNase Protection
Highly sensitive RNase protection assays were performed on total cellular RNA samples using specific 32P-labeled RNA probes. RNA probe for TOPAp consisted of 251 bases of transcribed cDNA sequence extending from the T7 polymerase site to the Ndel restriction site of pTOPAp and was expected to protect a 181 nucleotide region of the mRNA. Chicken ~-tubulin probe was generated from a cDNA clone generously provided by Dr. M. J. Monteiro (Monteiro and Cleveland, 1988) . A BamHI/Sacl fragment in the 3' portion of the I~-tubulin protein coding sequence was cloned into the pGEM 3Z (f+) plasmid (Promega) such that linearization and T7 RNA polymerase transcription would produce a 140 nucleotide long probe with an 89 nucleotide protected region.
RNase protection assays were conducted on 10 p.g samples of total cellular RNA isolated from chick embryos. Probe generation, RNA hybridization, RNA digestion, purification, and detection by denaturing gel polyacrylamide electrophoresis were performed by standard methods (Ausubel et al., 1991) . Control assays using yeast total RNA or yeast tRNA hybridized to labeled probes failed to yield specific TOPAp or ~-tubulin signals. Quantification of TOPAp mRNA levels was carried out using Betagen betascope counting and, where necessary, was normalized to ~-tubulin levels.
Subcellular Fractionation and Solubility of TOPAP
Cellular membranes were prepared according to the method of Maeda (Maeda et al., t983) , Twenty-four E9 chick retinae were dissected in PBS and placed in 10 ml of homogenization buffer (10 mM sodium phosphate [pH 7.4], 1.0 mM MgCI2, 30 mM NaCI, t .0 mM dithiothreitol, 0.005 mM phenylmethylsulfonyl fluoride, 0.02% NAN3, 2 ~g DNase I), Dounce homogenized, and sonicated briefly. The mixture was layered over homogenization buffer containing 41% w/v sucrose and centrifuged at 4°C for 1 hr at 96,000 × g. Four separate phases were collected, including the pellet, the lower sucrose phase, the sucrose interphase (containing membrane proteins), and the upper phase (containing soluble proteins). The membrane protein fraction was diluted in homogenization buffer and repelleted to generate a purified membrane pellet and a wash supernatant. Each fraction then was diluted back to the original volume, and equal aliquots were assayed for TOPAP content by immunoblotting.
Membrane fractions, isolated as above, were resuspended and incubated for 1 hr at 4°C in buffers containing various agents to assay the solubility of TOPAp and to test the nature of its association with cell membranes. Individual aliquots of purified membrane preparations were pelleted (100,000 x g for 1 hr at 4°C) and resuspended in the following: calcium-and magnesium-free PBS (CMF-PBS), 1.0% Triton X-100; CMF-PBS containing 4 M urea; 150 mM NaCl and 50 mM glycine (pH 3.0); 150 mM NaCI and 50 mM glycine (pH 10); and CMF-PBS containing 1.0 M KCI. After incubation, the samples were centrifuged at 100,000 x g for 1 hr at 4°C and the pellets resuspended in homogenization buffer. Pellets and supernatants were analyzed for the presence of TOPAP by immunoblot analysis as previously described.
Phase partitioning of retinal proteins was performed essentially as described (Bordier, 1981) . The concentration of retinal membrane preparations was made to be 2% Triton X-114, and the preparations were cooled to 4°C for 1 hr to allow dissolution of the detergent and solubilization of the proteins. Insoluble material (pellet)was removed and redissolved in homogenization buffer to the original volume; 200 p.I of the supernatant was overlaid onto 300 ~1 of sucrose cushion and warmed to 42°C for 5 min. The resulting solution was centrifuged for 3 min at room temperature at 325 x g. The upper aqueous phase was removed, made 2% Triton X-114, and the procedure repeated twice using the original sucrose cushion. The three resulting solutions containing a Triton X-114 insoluble fraction (pellet), an aqueous supernatant phase, and a detergent supernatant phase were analyzed for the presence of TOPAp protein by i mmunoblotting.
